Symbiotic bioremediation of aquaculture wastewater in reducing ammonia and phosphorus utilizing Effective Microorganism (EM-1) and microalgae (Chlorella sp.) by Fathurrahman, Lananan et al.
lable at ScienceDirect
International Biodeterioration & Biodegradation 95 (2014) 127e134Contents lists avaiInternational Biodeterioration & Biodegradation
journal homepage: www.elsevier .com/locate/ ibiodSymbiotic bioremediation of aquaculture wastewater in reducing
ammonia and phosphorus utilizing Effective Microorganism (EM-1)
and microalgae (Chlorella sp.)
Fathurrahman Lananan a, Siti Hajar Abdul Hamid a, Wan Nur Sakinah Din a, Nora'aini Ali a,
Helena Khatoon b, Ahmad Jusoh a, c, *, Azizah Endut d
a School of Ocean and Engineering, Universiti Malaysia Terengganu, 21030 Terengganu, Malaysia
b School of Fishery Science and Aquaculture, Universiti Malaysia Terengganu, 21030 Terengganu, Malaysia
c Institute of Tropical Aquaculture, Universiti Malaysia Terengganu, 21030 Terengganu, Malaysia
d East Coast Environmental Research Institute, Sultan Zainal Abidin University, Gong Badak Campus, 21300 Terengganu, Malaysiaa r t i c l e i n f o
Article history:
Received 15 January 2014
Received in revised form
21 June 2014
Accepted 22 June 2014
Available online 17 July 2014
Keywords:
Symbiotic bioremediation
Aquaculture wastewater
Microalgae
Effective microorganisms
Chlorella sp.* Corresponding author. School of Ocean Engineer
engganu, 21030 Terengganu, Malaysia.
E-mail address: ahmadj@umt.edu.my (A. Jusoh).
http://dx.doi.org/10.1016/j.ibiod.2014.06.013
0964-8305/© 2014 Elsevier Ltd. All rights reserved.a b s t r a c t
Bioremediation of aquaculture wastewater utilizing naturally occurring bacteria and microalgae have
been widely used since 1990s in open pond. However, the relationship between both bioremediators
especially in term of nutrient reduction had not been studied thoroughly in enclosed treatment system.
Bioremediation of either Effective Microorganisms (EM) or microalgae (MA) independently required
additional supply of oxygen and carbon dioxide, respectively to sustain their growth and treatment ef-
ﬁciency. Conversely, symbiotic bioremediation could omit these requirement due to the associate rela-
tion between both in term of respiration. EM bioremediation would produce CO2 and consume O2
whereas microalgae is vice versa. On top of that, both EM and microalgae simultaneously function as
degradation of organic matter. In this study, symbiotic MAeEM showed higher removal percentage and
removal rate on phosphorus of 99.15% and 0.534 mg L1 d1 as compared to 49.73% and 0.130 mg L1 d1
for the conventional MA bioremediation. However, inoculation of EM in the symbiotic MAeEM biore-
mediation did not signiﬁcantly improved the removal of ammonia. With proper optimization of inoc-
ulation volume and bioremediation mode, symbiotic relations of these two microorganisms would
beneﬁts in designing more robust, economical and least maintenance on the wastewater treatment
system.
© 2014 Elsevier Ltd. All rights reserved.1. Introduction
Intensive aquaculture is becoming more affordable leading to
higher risks of environmental impacts. Gondwe et al. (2012) and
Vezzulli et al. (2008) indicated that aquaculture is the major
contributor to the increasing levels of organic waste and toxic
compounds. Without proper treatment, aquaculture waste would
potentially cause newly emerging diseases due to antibiotic resis-
tance and harmful algal bloom (Hegaret, 2008; Rubert, 2008).
Wastewater efﬂuent from aquaculture industry contains nitroge-
nous compounds (ammonia, nitrite and nitrate), phosphorus and
dissolved organic carbon which may lead to environmentaling, Universiti Malaysia Ter-deterioration at high concentration (Ali et al., 2005). Ammonia
(NH3) is the product of ﬁsh respiration and decomposition of excess
organic matter. Chemoautotrophic bacteria (Nitrosomonas and
Nitrobacter) act in oxidizing ammonium ions (NH4þ) to nitrites
(NO2) into nitrate (NO3) ions. In nature, these ions were absorbed
by aquatic plants, algae and bacteria as it was assimilated into the
biomass as a source of nitrogen. Nitrogenous compounds present in
excess amount are responsible for generating eutrophicationwhich
disrupt the aquatic ecosystem balance and could leads to massive
mortality of aquatic fauna.
Bioremediation of aquaculture wastewater utilizing naturally
occurring bacteria and microalgae have been used widely in open
uncontrolled system such as remediation pond. However, inde-
pendent MA phytoremediation was favoured for the intensive
enclosedwastewater treatment. Bioremediation of either EM orMA
independently required continuous supply of aeration to sustain
their growth and treatment efﬁciency. Naturally, EM would
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versa. Thus, the symbiotic relations of these two bioremediators
could deny the requirement of additional aeration due to the
associative function between them. On top of that, both EM andMA
would simultaneously function in the organic matter
biodegradation.
EM is widely used in the cultivation of crops, vegetables and
animal husbandry (Zhou et al., 2009). The use of EM for reducing
volumes of sewage sludge has often been suggested as feasible in
either wastewater treatment plant or on-site wastewater treatment
system such as septic tanks (Szymanski and Patterson, 2003). The
concept of EM was developed in the 1980s on overcoming hazards
of continued cropping and the preservation of quality in horticul-
tural crops in Japan (Higa, 1991). EM speciﬁcally the original
formulation of EM-1 has a combination of specially selected mi-
croorganisms capable of producing multiple beneﬁts and as a
multi-culture of coexisting anaerobic and aerobic beneﬁcial mi-
croorganisms. EM contains selected species of microorganisms
including predominant populations of lactic acid bacteria and
yeasts and low density of photosynthetic bacteria, actinomyces and
other types of natural microorganisms. These composition of mi-
croorganisms are mutually compatible with one another and can
coexist in liquid culture (Higa and Parr, 1994). Since microorgan-
isms are useful in eliminating problems associated with the use of
chemical fertilizers and pesticides, they are now widely applied in
natural farming and organic agriculture (Deiana et al., 2002). Until
now, many research have been developed to study the application
of EM in treatment system.
MA provide a very promising alternative for wastewater treat-
ment. Its population will be co-propagated as a result of organic
matter bioconversion and incorporation of inorganic carbon such
from carbon dioxide into the cell biomass (Jeong et al., 2003).
Consequently, MA phytoremediation also act in producing MA
biomass to fulﬁl the demand for biofuel productions (Sharif Hossain
et al., 2008; Brennan and Owende, 2010). In addition, MA tech-
nology also reported to signiﬁcantly contribute to the environ-
mental conservation. Powell et al. (2009) stated that there is
positive correlation between CO2 and MA population size until it
reached peak concentration of 150 mg L1 proving the promising
characteristics of greenhouse gas mitigation. Besides that, micro-
algae also could be a perfect candidate for organic waste recovery.
Organic matter bioconversion through experimental results
showed that 20 mg L1 total ammonia nitrogen (TAN) supplied
resulted in the highest MA speciﬁc growth rate, SGR, 0.345 day1
(Rawat et al., 2011).
Nowadays, phytoremediation using MA mainly focused on the
use of immobilized culture. Efforts on the application of suspended
MA phytoremediation became less apparent due to the difﬁculties
in biomass separation and culture maintenance. However in this
research, the focus on the extent of multi-trophic system by means
of using suspended marine MA, Chlorella sp. and EM-1 in treating
Lates calcarifer aquaculture wastewater was selected. Symbiotic
microbial cooperation required the determination of an optimum
ratio of inoculation between both bioremediators for the effective
removal of pollutants. The performance of different inoculation
ratio of EM and MA was evaluated. Furthermore, a detail kinetics
study on nutrient removal was done in order to establish design
parameters and protocols for the multi-trophic system. Addition-
ally, this study was aimed at integrating EM bioﬁlter and MA
photobioreactor into an innovative solution of zero discharge in
aquaculture wastewater treatment. Finally, the output of this study
will help to unveil the potential of multi-trophic treatment tech-
nology especially in recirculating aquaculture wastewater treat-
ment system as well as enhancing the development of clean and
green technology.2. Materials and methods
2.1. Aquaculture wastewater of L. calcarifer
The aquaculture wastewater was obtained from the culture of L.
calcarifer which is commonly known as Silver Sea Bass. It was
chosen because of their ability to survive inwater at various salinity
levels ranging from 0 ppt to 30 ppt. To ensure uniform wastewater
characteristics, 30 individuals of juvenile ﬁsh (standard body length
15e20 cm) were reared in a 500 L black polyethylene tank with
controlled temperature of 27 ± 2 C and continuous constant
supply of aeration. Same type of feed with 25% protein content was
given based on 3% of ﬁsh body weight to maintain continuous
release of phosphorus and nitrogen composition in the efﬂuent.
Organic waste concentration was considered to be at its maximum
at the ﬁfth day after every cycle of weekly 30% water exchange.
Weekly water exchange was necessary to avoid massive mortality
of the ﬁsh due to toxic compound accumulation. At this time, the
produced wastewater was sampled for the bioremediation pur-
poses. In this study, the sampled wastewater contained an average
of 5.59 ± 0.32 mg L1 ammonia, 0.125 ± 0.25 mg L1 nitrite,
12.22 ± 0.58 mg L1 nitrate and 6.75 ± 0.29 mg L1 phosphate.
2.2. Activation of Effective Microorganisms, EM-1
EM was acquired from commercial product. The product was
basedon the original formulationdevelopedbyHiga andParr (1994)
known as EM-1. It was inoculated inside an autoclaved 40% (v/v)
molasses which was mixed with dH2O. Activation of the EM-1 was
carried out by incubating the broth inside the incubator (Memmert,
Germany) at 35 ± 1 C. Activation was carried out for 7 days where
microbial activity was assayed through changes in pH and sugar
concentration. According to standard EM inoculation procedure,
activated EM-1 were introduced with 40% (v/v) molasses into the
aquaculture wastewater to ensure sufﬁcient carbon source.
2.3. Propagation of marine microalgae, Chlorella sp.
Microalgae from genus Chlorella sp. were selected due to its
robustness to wide range of nutrient loading, salinity and temper-
ature (Lananan et al., 2013). In this study, the Chlorella sp. was
isolated from the coastal area of Kuala Terengganu, Terengganu,
Malaysia. It was puriﬁed into pure mono-speciﬁc microalgae cul-
ture, maintained and kept in the microalgae culture collection at
controlled condition (temperature 25 ± 2 C, 24 h 3350 lumen
illumination) in the Live Feed Culture Laboratory of the Institute of
Tropical Aquaculture, Universiti Malaysia Terengganu. Prior to the
initiation of the experiment, Chlorella sp. was scaled up in test tubes
in 10 mL seed culture. It was cultivated in f/2 Medium based on
(Guillard, 1975). The composition of nitrate, phosphate, trace
metals and vitamins used in the MA cultivation medium are pre-
sented in Table 1.
2.4. Water quality analysis of ammonia and phosphorus
Ammonia and phosphorus (orthophosphate) determination
were based on Phenate Method and Vanadomolybdophosphoric
Acid Method adapted from the Standard Method for the Exami-
nation of Water and Wastewater (APHA, 2012). Sampled water was
clariﬁed from the MA and EM biomass by centrifugation at
5000 rpm, 15 min to obtain clear supernatant which was subjected
immediately to water quality analysis for the determination of
ammonia and phosphorus. Daily sampling was carried out and the
sample was processed instantaneously to prevent sample degra-
dation if preserved.
Table 1
Chemical composition of f/2 Medium.
Solutions of f/2
medium (Guillard, 1975)
Chemical compositions
Solution 1: Nitrate NaNO3 (75 g L1)
Solution 2: Phosphate NaH2PO4 (5 g L1)
Solution 3: Trace metals Na2H2EDTA (4.36 g L1)
FeCl3$6H2O (3.15 g L1)
MnCl2$4H2O (180 mg L1)
ZnSO4 (22.0 mg L1)
CoCl2$6H2O (10.0 mg L1)
CuSO4$5H2O (9.8 mg L1)
Na2MoO4$2H2O (6.3 mg L1)Na2SiO3 (30 g L1)
Solution 4: Vitamins Thiamin HCl (200 mg L1)
Cyanocobalamin (10 mg L1)
Biotin (100 mg L1)
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Both EM and MA biomass were measured by the spectropho-
tometer colorimetric method in order to allow rapid measure-
ments. Spectrum analysis was carried out for the speciﬁc EM and
MA to determine the appropriate wavelength for the spectropho-
tometric colorimetric determination. Spectrophotometer calori-
metric method yield optical density (OD) with regard to the
microbial biomass density. The microbial cell density was varied in
the range of 5.24106 to 9.14109 CFUmL1 for EM and 1.22106
to 4.88  107 cell mL1 for MA. MA cell density was determined
using Syringe Liquid Sampler Particle Measuring System SLS-PMS
(PMS, USA). For the measurement of the mixed cells of EM and
MA, OD measurement mainly served as rapid measurement where
the conﬁrmation on CFU and particle measurement were done
every three days for conﬁrmation.Fig. 1. Spectrum analyses and standard calibration curve of marine micr2.6. Bioremediation of aquaculture wastewater
Bioremediation of aquaculture wastewater utilizing EM and MA
were carried out in controlled laboratory condition (temperature of
25 ± 2 C, 24 h 3350 lumen illumination). Aquaculture wastewater
was ﬁltered with Whatman GF/C ﬁlter paper, autoclaved and ana-
lysed for initial ammonia and phosphorus before subjecting with
inoculation of bioremediators. Each treatment was performed in
2000 mL conical ﬂask placed on a continuous orbital shaker
throughout the treatment period. Initially, the independent EM
bioremediation and MA phytoremediation were performed ﬁrst,
followed by the symbiotic bioremediation treatment with a com-
bination of both bioremediators. They were termed as EM biore-
mediation, MA phytoremediation and symbiotic MAeEM
bioremediation mode, respectively.
2.7. Statistical analysis
MA and EM growth performance, nutrient concentration and
removal percentage were recorded in Microsoft Ofﬁce Excel™
throughout the experimental period. Graphical analyses were
performed using Originlab OriginPro 8.6™ whereas the statistical
determination involving ANOVA and Tukey's HSD Test was imple-
mented via Minitab 16™. A conﬁdence level of 95% was selected in
order to strictly determine the signiﬁcance of between dosage of
bioremediators and the dependence parameters.
3. Results
3.1. Absorbance spectrum and biomass standard curve
Through the absorbance spectrum analysis, the MA species
showed clear absorbance peak at the light wavelength of 686 nm.oalgae, Chlorella sp. (a, b) and Effective Microorganism, EM-1 (c, d).
Fig. 2. Growth performance of various inoculation dosage of marine microalgae, Chlorella sp. at different inoculation volume in MA phytoremediation (a) and symbiotic MAeEM
bioremediation mode (b) as well as Effective Microorganism, EM-1 in EM bioremediation (c) and symbiotic MAeEM bioremediation mode (d).
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versus MA density was determined with the slope of
1.4615  108, y-intercept of 2.0359  104 and R2-value of
0.9975. The linear polynomial ﬁt was valid for the MA cell density
range up to 5  107 cell mL1. Absorbance of EM did not show
obvious peak in the absorbance spectrum analysis. Hence, OD600
was selected yielding standard calibration curve of OD600
absorbance versus EM density. The linear polynomial ﬁt yield the
slope of 4.83206  1010, y-intercept of 0.0004 and R2-value of
0.9992.
3.2. Microbial biomass growth performance
The microbial growth performance of both MA and EM in in-
dividual bioremediation and symbiotic MAeEM bioremediation
modewere shown in Fig. 2. It could be noted that the cell density of
MA in symbiotic MAeEM bioremediation of 3.53 107 ± 4.02 105
were not signiﬁcantly different as compared to the individual MA
phytoremediation mode (Table 2). Both bioremediation modes of
MA reach the maximum cell density on 7d. Larger MA inoculation
in symbiotic MAeEM bioremediation contributed to the higher MA
cell density. Additionally, bacterial growth performance in EM
bioremediation was mostly recorded higher than those of the
symbiotic MAeEM bioremediation.
3.3. Dissolved oxygen and pH
The changes in dissolved oxygen (DO) levels for the EM biore-
mediation, MA phytoremediation and symbiotic MAeEM biore-
mediation modes were shown in Fig. 3. In EM bioremediation
mode, the DO drops instantaneously to almost 0 mg L1 within the
ﬁrst 3 days of the treatment period. Similar pattern could be
observed in the symbiotic MAeEM bioremediation mode, however
the decrease in DO was more gradual where the minimum DO
levels achieved were 2.23, 2.32 and 2.68 mg L1 at the inoculation
of 20%, 30% and 40% MA with 3 mL EM, respectively. In the MA
phytoremediation mode, DO levels ﬂuctuated throughout thetreatment period. The neutralization of the acidic pH of the
wastewater was consistent for all modes of bioremediation. For the
EM bioremediation mode, the pH increase from 4.4 to 7.5 within 14
days whereas the increase of pH for MA phytoremediation and
symbiotic MAeEM bioremediation were evidenced at 4e7 days of
treatment period.
3.4. Ammonia and phosphorus removal
The removal of nutrient from the wastewater at various inocu-
lation volumes of MA and EM in EM bioremediation, MA phytor-
emediation and symbiotic MAeEM bioremediation modes were
shown in Fig. 4. Removal pattern to the minimum concentration of
4.5 and 1.0 mg L1 for ammonia and phosphorus, respectively could
be observed at all the bioremediation modes in the ﬁrst 7 days of
the treatment period. As shown in Table 2, inoculation of EM in
symbiotic MAeEM bioremediation signiﬁcantly improved the ab-
sorption of phosphorus as compared to the conventional MA phy-
toremediation with the removal percentage of 49.73 ± 12.23% to
99.15 ± 1.57%, respectively. MA phytoremediation mode with the
inoculation of 30% and 40% MA yielded ammonia removal per-
centage of 97.77 ± 3.13% and 97.71 ± 1.74%, respectively. Symbiotic
MAeEM bioremediation mode shows the highest removal of
phosphorus at 20%, 30% and 40% (v/v)MAwith 1mL EM inoculation
in treating aquaculturewastewater. Bioremediation performance of
symbiotic MAeEM bioremediation were statistically proven to be
the signiﬁcantly highest removal treatment subset for various
inoculation of MAwhich were 20%, 30% and 40% (v/v) but only with
1 mL inoculation of EM. Further addition of 3 mL and 5 mL EM
reduced the phosphorus removal efﬁciency of the mixed EM-MA
system. However, the ammonia concentration increased after 7
days of EM bioremediationmode to the concentration of 7.0mg L1.
Increase in ammonia concentration was not apparent in MA phy-
toremediation and symbiotic MAeEM bioremediation. Ammonia in
EM bioremediation mode and phosphorus concentration in all
bioremediation modes were found to increase following the
maximum absorption on 6e8 days.
Table 2
Maximum cell density and bioremediation performance in removal of ammonia, and phosphorus in EM bioremediation, MA phytoremediation and symbiotic MAeEM
bioremediation modes. Value shown is the mean of three replicates ± standard error. Signiﬁcantly highest subsets at 95% conﬁdence interval were marked with asterisk (*).
Bioremediation
condition
Max. Cell density Ammonia, NH3 Phosphorus (orthophosphate, PO4)
Bacterial density
(CFU mL1)
Microalgae density
(cells mL1)
Removal (%) Treatment
period (d)
Reduction rate,
k (mg L1 d1)
Removal (%) Treatment
period (d)
Reduction
rate, k
(mg L1 d1)
1 mL EM 1.67  109 ± 1.49  108 n.a. 15.55 ± 5.60 8 0.032 87.20 ± 12.38 8 0.429
3 mL EM 1.21  109 ± 8.98  106 n.a. 17.23 ± 8.30 10 0.026 91.36 ± 5.65 10 0.369
5 mL EM 1.26  109 ± 5.96  107 n.a. 17.22 ± 11.50 10 0.023 86.12 ± 9.32 10 0.322
20% MA n.a. 3.20  107 ± 1.00  106 97.23 ± .195 10 0.390 27.34 ± 6.12 6 0.056
30% MA n.a. 2.92  107 ± 2.66  106 97.77* ± 3.13 8 0.459 35.80 ± 13.75 6 0.077
40% MA n.a. 3.73  107 ± 1.63  106 97.71* ± 1.74 12 0.548 49.73 ± 12.23 6 0.130
20% MA þ 1 mL EM 1.23  109 ± 1.42  106 3.15  107 ± 2.33  105 77.24 ± 8.43 12 0.409 99.15* ± 1.57 10 0.366
20% MA þ 3 mL EM 1.00  109 ± 1.63  106 3.25  107 ± 4.06  105 97.07 ± 2.57 12 0.514 96.10 ± 1.98 10 0.341
20% MA þ 5 mL EM 9.83  108 ± 3.56  105 3.53  107 ± 4.02  105 79.32 ± 8.98 12 0.420 90.50 ± 1.54 10 0.534
30% MA þ 1 mL EM 1.45  109 ± 2.22  106 3.02  107 ± 7.25  104 77.78 ± 7.66 11 0.332 99.87* ± 0.91 8 0.315
30% MA þ 3 mL EM 1.05  109 ± 2.04  107 2.93  107 ± 5.32  104 97.93* ± 2.09 10 0.418 92.89 ± 8.46 10 0.293
30% MA þ 5 mL EM 1.02  109 ± 1.44  107 3.27  107 ± 1.47  105 79.89 ± 7.05 10 0.341 85.52 ± 13.25 10 0.459
40% MA þ 1 mL EM 1.53  109 ± 4.32  106 3.33  107 ± 4.73  106 79.47 ± 14.43 10 0.289 99.14* ± 1.77 6 0.269
40% MA þ 3 mL EM 1.13  109 ± 8.16  105 3.43  107 ± 3.00  105 99.82* ± 1.09 10 0.363 93.07 ± 7.22 6 0.250
40% MA þ 5 mL EM 1.08  109 ± 4.04  107 3.55  107 ± 2.67  106 81.67 ± 14.83 10 0.297 85.93 ± 11.32 10 0.392
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which contributed to the optimization criteria was the ﬁrst order
kinetics coefﬁcient, k. The higher coefﬁcient value means the bio-
remediators able to absorb more concentrated nutrient within a
speciﬁc treatment period. As shown in Fig. 5, the MA phytor-
emediation mode at 40% inoculation had the highest removal rate
for ammonia whereas symbiotic MAeEM remediation at 20% MA
inoculation with 5 mL EM inoculation was the highest for phos-
phorus removal rate. The removal rate of independent EM biore-
mediation mode obviously effective for the absorption of
phosphorus whereas the removal rate of ammonia was very low.Fig. 3. Changes of dissolved oxygen concentration and pH throughout the treatment pe
Microorganism, EM-1 in EM bioremediation (a, d), MA phytoremediation (b, e) and symbio4. Discussion
4.1. Absorbance spectrum and biomass standard curve
The wavelength of 686 nm (OD686) was selected for MA cell
density determination based on the recorded absorbance peak
through the spectrum analysis which was performed in the range
of 350 nme1100 nm. Due to the pure cultivation of MA, Chlorella
sp., obvious absorbance peak could be observed showing that the
biomass consisted of mono-speciﬁc species of microalgae.
Whereas, the measurement of optical density for EM wasriod at various inoculation dosage of marine microalgae, Chlorella sp. and Effective
tic MAeEM bioremediation mode (c, f).
Fig. 4. Ammonia and phosphorus (orthophosphate) concentration at various inoculation dosage of marine microalgae, Chlorella sp. and Effective Microorganism, EM-1 in (a,d) EM
bioremediation, (b,e) MA phytoremediation and (c,f) symbiotic MAeEM bioremediation mode.
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ology had been a central technique in bacteria density determina-
tion in microbiology (Contois, 1959; Widdel, 2007). The
standardization of the optical density on microbial cell density was
carried out by forming a standard regression curve. OD measure-
ment of bacterial cultures such as EM is a common technique used
in microbiology and applicable to MA due to its small cell size.
4.2. Microbial biomass growth performance
The growth performance of microorganism depicted its adap-
tation, assimilation and survival in the surrounding environment.
Fulﬁlment of the basic requirement of growth such as regulation in
pH, temperature and other external factors would promote better
microorganism growth performance such as shorter lag phase and
higher speciﬁc growth rate. According to Rolfe et al. (2012), lag
phase represents the earliest stage of the microorganism life cycle
which is responsible for adaptation to the new environment. Many
research works had been done with a focus on the lag phase of MA
in order to identify the physiological and regulatory processes
involved to improve its growth performance (Hanagata et al., 1998;
Mulderij et al., 2003; Haumann et al., 2005). In EM bioremediation
mode, the increase in the inoculation of EM reduces the maximum
cell density. This was mainly caused by the competition of EM on
the limited availability of oxygen and nutrients (Pahl et al., 2012).
The increase in the inoculation of MA in the symbiotic MAeEMbioremediation at 3 mL EM inoculation increases the maximum
bacterial cell density due to the additional oxygen supply from MA.
4.3. Dissolved oxygen and pH
Dissolved oxygen plays an important role in bioremediation of
aquaculture wastewater. In the present of aerobic condition, ab-
sorption and transformation of nutrient to generate biomass are
more apparent as compared to the anaerobic condition (Prathima
Devi et al., 2012). The DO levels ﬂuctuated throughout the treat-
ment period in MA phytoremediation mode. This is mainly due to
the inconsistent equilibrium of the oxygen content in the waste-
water. Excess DO would utilize for organic matter oxidation and
also contribute to the shifting in the equilibrium of nitrite-nitrate
concentration (Godos et al., 2010). Thus, the more consistent pat-
ent could be noted in symbiotic MAeEM bioremediationwhere the
continuous production of O2 was constant utilization by the pop-
ulation of EM for their cell metabolism. In general, all modes of
bioremediation were able to regulate the acidity of the aquaculture
wastewater. The regulation of pH was important since it affect the
equilibrium between ammoniaeammonium concentrations in the
wastewater (Lekang, 2008). More acidic wastewater shifts the
equilibrium towards the toxic ammonia whereas higher pH vice
versa. Thus, the regulation in pH indirectly contributed to the
conditioning of the aquaculture wastewater to sustain aquaculture
life.
Fig. 5. First order kinetics coefﬁcient, k of (a) ammonia and (b) orthophosphate
removal for EM bioremediation, MA phytoremediation and symbiotic MAeEM biore-
mediation modes. Signiﬁcantly highest subsets at 95% conﬁdence interval were
marked with asterisk (*).
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In this study, the aquaculture wastewater treatment was per-
formed in 2 L working volume in batch scale with 14 days treat-
ment period. Both ammonia and phosphorus were almost
completely removed from the aquaculture wastewater for the ﬁrst
7 days and the period of 14 days seems to be appropriate for batch
scale experiment. In addition, treatment period lesser than 14 days
would omit the re-inoculation of EM which would complicate the
treatment performance in batch scale experiment. Data obtained
from batch scale experiment yield experimental retention time and
various inoculation concentrations of bioremediators which are
useful for the development of aquaculturewastewater treatment in
continuous scale which is important for the real world application.
Ammonia and phosphorus concentration were shown to increase
after 7 days of EM bioremediation treatment period due to the
release of absorbed nutrient content from the microbial biomass as
the EM entered stationary phase due to the depletion of substrate
to sustain its growth.
Complete removal of ammonia and phosphorus from aquacul-
ture wastewater is crucial since they are mostly associated with the
eutrophication of water bodies (Gregory et al., 2012; Mook et al.,
2012). MA had been reported in many laboratory studies as excel-
lent bioremediators in treating nutrient concentrated wastewater
(Di Termini et al., 2011; Arbib et al., 2012). In addition, MA had also
been proven to effectively remediation ammonia and phosphorus
concentrated wastewater in the uncontrolled ﬁeld condition
(Godos et al., 2009; Arbib et al., 2012). Ammonia and phosphorusabsorbed were assimilated in the cell biomass as protein and pol-
yphosphate (Rawat et al., 2011). Phosphorus from the wastewater
was oxidized to produce energy in the aerobic condition. The en-
ergy generated from this transformation process was used by the
MA for its growth and cell metabolism. Phosphorus of concentra-
tion of more than 6 mg L1 could lead to the explosive growth of
MA (Ahmad et al., 2013). In the presence of oxygen, the toxic
ammonia present in the wastewater would undergo spontaneous
bacterial oxidation converting it subsequently into nitrite and ni-
trate. This explains the global problem of aquaculture efﬂuent
which turns ponds and lakes gradually into marshes. Since
ammonia and phosphorus are ecologically signiﬁcant in MA pro-
ductivity, their proper removal from release to the aquatic water
bodies is quintessential to prevent the occurrence of
eutrophication.
The role of EM was mainly to enhance the phytoremediation
efﬁciency of MA in absorbing phosphorus. Without the addition of
EM, independent MA phytoremediation mode ineffectively
removed the nutrient from the wastewater. Most of the biocon-
version of contaminant into stable form of ammonia and phos-
phorus were carried out by EMwhichwas then absorbed by theMA
biomass. However, EM shown no signiﬁcant enhancement in the
removal of ammonia of symbiotic MAeEM bioremediation mode.5. Conclusions
Independent EM bioremediation, MA phytoremediation and
symbiotic MAeEM bioremediation mode for the removal of
ammonia and phosphorus were elucidated successfully in this
study. Inoculation of EM-1 in the MA phytoremediation enhance
the symbiotic MAeEM culture condition in term of dissolved oxy-
gen and pH regulation. Higher removal rates were observed in
various inoculation of MA in the symbiotic MAeEM bioremediation
with the addition of EM. In addition, the release of phosphorus due
to the degradation of bioremediators at the end of treatment period
was suspended within the symbiotic MAeEM bioremediation
mode. Symbiotic MAeEM bioremediation however were insigniﬁ-
cant as compared to MA phytoremediation mode in term of the
ammonia removal curve and reduction rate.Acknowledgements
This study was supported by the Ministry of Higher Education
Malaysia (FRGS/1/2013/TK07/UMT/01/1), through the Fundamental
Research Grant Scheme (FRGS) Project No. 59318 and Geran Gala-
kan Penyelidikan (GGP), Universiti Malaysia Terengganu, Project
No. 68007/2013/88. Laboratory work including maintenance of
pure culture Chlorella sp., activation of EM-1, lab-scale bioremedi-
ation and water quality analysis was carried out in the Institute of
Tropical Aquaculture, Universiti Malaysia Terengganu.References
Ahmad, J., Fathurrahman, L., Hajar, A.H.S., 2013. Batch phytoremediation of aqua-
culture wastewater of silver Barramundi (Lates calcarifer) utilizing Green
microalgae; chlorella sp. J. Fish. Aquat. Sci. 8, 516e525.
Ali, N., Mohammad, A.W., Jusoh, A., Hasan, M.R., Ghazali, N., Kamaruzaman, K.,
2005. Treatment of aquaculture wastewater using ultra-low pressure asym-
metric polyethersulfone (PES) membrane. Desalination 185, 317e326.
APHA, 2012. Standard Methods for the Examination of Water andWastewater, 22nd
ed.
Arbib, Z., Ruiz, J., Alvarez, P., Garrido, C., Barragan, J., Perales, J.A., 2012. Chlorella
stigmatophora for Urban wastewater nutrient removal and CO2 abatement. Int.
J. Phytoremediat. 14, 714e725.
Brennan, L., Owende, P., 2010. Biofuels from microalgaeda review of technologies
for production, processing, and extractions of biofuels and co-products. Renew.
Sustain. Energy Rev. 14, 557e577.
F. Lananan et al. / International Biodeterioration & Biodegradation 95 (2014) 127e134134Contois, D., 1959. Kinetics of bacterial growth: relationship between population
density and speciﬁc growth rate of continuous cultures. J. General Microbiol. 21,
40e50.
Deiana, M., Assunta Dessi, M., Ke, B., Liang, Y.-F., Higa, T., Gilmour, P.S., Jen, L.-S.,
Rahman, I., Aruoma, O.I., 2002. The antioxidant cocktail effective microor-
ganism X (EM-X) inhibits oxidant-induced interleukin-8 release and the per-
oxidation of phospholipids in vitro. Biochem. Biophys. Res. Commun. 296,
1148e1151.
Di Termini, I., Prassone, A., Cattaneo, C., Rovatti, M., 2011. On the nitrogen and
phosphorus removal in algal photobioreactors. Ecol. Eng. 37, 976e980.
Godos, I.d., Blanco, S., García-Encina, P.A., Becares, E., Mu~noz, R., 2009. Long-term
operation of high rate algal ponds for the bioremediation of piggery waste-
waters at high loading rates. Bioresour. Technol. 100, 4332e4339.
Godos, I.d., Vargas, V.A., Blanco, S., Gonzalez, M.C.G., Soto, R., García-Encina, P.A.,
Becares, E., Mu~noz, R., 2010. A comparative evaluation of microalgae for the
degradation of piggery wastewater under photosynthetic oxygenation. Bio-
resour. Technol. 101, 5150e5158.
Gondwe, M.J., Guildford, S.J., Hecky, R.E., 2012. Tracing the ﬂux of aquaculture-
derived organic wastes in the southeast arm of Lake Malawi using carbon
and nitrogen stable isotopes. Aquaculture 350e353, 8e18.
Gregory, S.P., Dyson, P.J., Fletcher, D., Gatland, P., Shields, R.J., 2012. Nitrogen
removal and changes to microbial communities in model ﬂood/drain and
submerged bioﬁlters treating aquaculture wastewater. Aquac. Eng. 50,
37e45.
Guillard, R.L.L., 1975. Culture of phytoplankton for feeding marine invertebrates.
Cult. Mar. Invertebr. Anim..
Hanagata, N., Karube, I., Chihara, M., Silva, P.C., 1998. Reconsideration of the tax-
onomy of ellipsoidal species of Chlorella (Trebouxiophyceae, Chlorophyta), with
establishment of Watanabea gen. nov. Phycol. Res. 46, 221e229.
Haumann, M., Liebisch, P., Müller, C., Barra, M., Grabolle, M., Dau, H., 2005. Photo-
synthetic O2 formation tracked by time-resolved X-ray experiments. Science
310, 1019e1021.
Hegaret, H., 2008. Impacts of Harmful Algal Blooms on Physiological and Cellular
Processes of Bivalve Molluscs. Ph.D. University of Connecticut, United States e
Connecticut.
Higa, T., 1991. Effective microorganisms: a biotechnology for mankind. In: Pro-
ceedings of the First International Conference on Kyusei Nature Farming. US
Department of Agriculture, Washington, DC, USA, pp. 8e14.
Higa, T., Parr, J.F., 1994. Beneﬁcial and Effective Microorganisms for a Sustainable
Agriculture and Environment. International Nature Farming Research Center
Atami, Japan.
Jeong, M.L., Gillis, J.M., Hwang, J.-Y., 2003. Carbon dioxide mitigation by microalgal
photosynthesis. Bull. Korean Chem. Soc. 24, 1763e1766.Lananan, F., Jusoh, A., Ali, N.A., Lam, S.S., Endut, A., 2013. Effect of Conway Medium
and f/2 Medium on the growth of six genera of South China Sea Marine
Microalgae. Bioresour. Technol. 141, 75e82.
Lekang, O.-I., 2008. Aquaculture Engineering. Wiley.com.
Mook, W.T., Chakrabarti, M.H., Aroua, M.K., Khan, G.M.A., Ali, B.S., Islam, M.S., Abu
Hassan, M.A., 2012. Removal of total ammonia nitrogen (TAN), nitrate and total
organic carbon (TOC) from aquaculture wastewater using electrochemical
technology: a review. Desalination 285, 1e13.
Mulderij, G., Van Donk, E., Roelofs, J., 2003. Differential sensitivity of green algae to
allelopathic substances from Chara. Hydrobiologia 491, 261e271.
Pahl, S.L., Lewis, D.M., King, K.D., Chen, F., 2012. Heterotrophic growth and nutri-
tional aspects of the diatom Cyclotella cryptica (Bacillariophyceae): Effect of
nitrogen source and concentration. J. Appl. Phycol. 24, 301e307.
Powell, E.E., Mapiour, M.L., Evitts, R.W., Hill, G.A., 2009. Growth kinetics of Chlorella
vulgaris and its use as a cathodic half cell. Bioresour. Technol. 100, 269e274.
Prathima Devi, M., Venkata Subhash, G., Venkata Mohan, S., 2012. Heterotrophic
cultivation of mixed microalgae for lipid accumulation and wastewater treat-
ment during sequential growth and starvation phases: effect of nutrient sup-
plementation. Renew. Energy 43, 276e283.
Rawat, I., Ranjith Kumar, R., Mutanda, T., Bux, F., 2011. Dual role of microalgae:
phycoremediation of domestic wastewater and biomass production for sus-
tainable biofuels production. Appl. Energy 88, 3411e3424.
Rolfe, M.D., Rice, C.J., Lucchini, S., Pin, C., Thompson, A., Cameron, A.D., Alston, M.,
Stringer, M.F., Betts, R.P., Baranyi, J., 2012. Lag phase is a distinct growth phase
that prepares bacteria for exponential growth and involves transient metal
accumulation. J. Bacteriol. 194, 686e701.
Rubert, K.F.I.V., 2008. Tetracycline Antibiotic Distribution and Transformation in
Aquatic Systems. Ph.D. The University of Wisconsin eMadison, United States e
Wisconsin.
Sharif Hossain, A.B.M., Salleh, A., Boyce, A.N., Chowdhury, P., Naqiuddin, M., 2008.
Biodiesel fuel production from algae as renewable energy. Am. J. Biochem.
Biotechnol. 4, 250e254.
Szymanski, N., Patterson, R.A., 2003. Effective microorganisms (EM) and wastewater
systems. In: Patterson, Raaj, M.J. (Eds.), Future Directions for On-site Systems:
Best Management Practice. Lanfax Laboratories Armidale, University of New
England, Armidale, Australia, p. 347.
Vezzulli, L., Moreno, M., Marin, V., Pezzati, E., Bartoli, M., Fabiano, M., 2008. Organic
waste impact of capture-based Atlantic blueﬁn tuna aquaculture at an exposed
site in the Mediterranean Sea. Estuar. Coast. Shelf Sci. 78, 369e384.
Widdel, F., 2007. Theory and measurement of bacterial growth. In: Grundpraktikum
Mikrobiologie, vol. 4.
Zhou, Q., Li, K., Jun, X., Bo, L., 2009. Role and functions of beneﬁcial microorganisms
in sustainable aquaculture. Bioresour. Technol. 100, 3780e3786.
